Abstract-A large share of renewable generation raises some unique challenges and is forcing change in the operation and planning of electricity transmission systems. In this paper, using real transmission network data representing a part of the Belgian network, the need for building a large set of credible future operating conditions to identify and validate system development decisions is demonstrated. The paper argues that the traditional approach of checking system development options on a few selected operating conditions is no longer adequate in a power system with high penetration of variable generation. An application of a clustering algorithm is demonstrated to build a representative set of operating conditions for system development that not only gives better representation of future operation, but also provides a system development planner with greater confidence with respect to investments that are likely to be necessary. The paper describes the way in which operability of the future system is evaluated and possible need for reinforcement is identified. A discussion is presented of the meeting of demand under initially intact network conditions and while facilitating maintenance outages securely.
I. INTRODUCTION
A transmission system operator (TSO) is responsible for building, maintaining and operating an adequate transmission network to ensure safe system operation and security of supply and for facilitating grid access as well as meeting the national and regional objectives. System development is a crucial part of any TSO's activity and concerns making decisions on the development of the network's power transfer capacity while taking into account overall social welfare in both the short and long term in coordination with neighbouring transmission and distribution systems [1] .
In Europe, the need for greater market integration and for economically efficient grid connection of different renewable energy sources (RES) is well recognised [2] - [5] . The challenges associated with reliable and secure operation of a power system increase as the electricity generation mix moves away
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from controllable fossil fuel generation to intermittent and partially controllable generation from RES.
The main role of a transmission system development planner is to propose investments in network facilities that are required in order to enable future operation of the system. A system planner needs to postulate a range of credible future operating states and check the operability of the system under each of them. Due to the large number of uncertainties and the complexity associated with checking the operability of each state, common practice in industry to date has been for a system development planner to consider few operating conditions, e.g. a peak demand case with some generating units unavailable.
Elia is the TSO of the Belgian transmission system. It owns the 150-380 kV transmission system in Belgium and also the majority of the 70 kV network. At the time of writing, Belgium is primarily reliant on generation from nuclear power stations to meet its electricity demand. However, the generation mix is changing and a significant amount of RES has been connected to the Belgian grid. The growth of RES is supported by favourable policies e.g. green certificates that ensure minimum revenue for RES generation. Elia, as a system operator, is also obliged to give priority to generation from RES.
The increasing penetration of RES and particularly its location in Belgium may require significant infrastructure investments to ensure reliability of electricity supply and the economic utilisation of the power available from renewables. The geographical location of Belgium in Europe contributes to increased stress on the country's transmission system due to the growth in highly variable electricity flows resulting from the evolution of the European generation fleet, not least a high concentration of wind energy production units in the north of Germany. In the event of favourable weather conditions, Germany exports surplus wind power, in particular through the Netherlands and to and through Belgium. Belgium's northern border is therefore, and especially in winter when energy comes largely from the north, more under pressure.
In this paper, the problem of identifying the need for investment in a part of the Belgian transmission network for the year 2030 is considered. Using appropriate assumptions on the growth of solar, wind and other generation types, a large set of representative operating conditions is built. The set is reduced using an appropriate clustering algorithm. The reduced set of operating conditions forms the basis of a new system development process, developed as part of the GARPUR project [6] , that checks the operability of each operating condition and identifies critical operating conditions, i.e. those in which operating standards are breached or for which system operational costs are too expensive relative to the likely cost of a reinforcement that would reduce operational costs. Using real transmission network data, the need to build a large set of credible future operating conditions to validate system development decisions is demonstrated. This paper argues that checking system development decisions on a few operating conditions is no longer adequate in a power system with high penetration of RES.
The main contributions of this paper are as follows:
• a new modelling framework that is appropriate for system development studies; • application of a clustering algorithm to produce representative operating states; • proposal of guidelines for system development planners to allow them to identify future needs; • demonstration of a new framework, clustering and guidelines for a realistic system development case. The paper is organised as follows. In section II, the GARPUR's system development framework is described. A part of Belgian transmission network that is used to demonstrate the system development framework is presented in section III. In section IV, the results of the generation of credible operating states for the test system and their clustering and assessment are presented. Section V highlights some investment options that the methodology has revealed and present results of the assessment of each investment option. In section VI, along with conclusions, a discussion on the main aspects of the system development approach is provided.
II. GARPUR'S SYSTEM DEVELOPMENT FRAMEWORK
The GARPUR project [6] is concerned with an improved understanding of risk attributes that impact power system reliability performance in operational and planning timescales. The main steps of the system development framework proposed in GARPUR are presented in the algorithm below. For more technical details of each step of this algorithm, readers are referred to [7] .
The first three steps of the system development framework propose to construct a large set of operating states to represent the year around operation of a power system. This is achieved by constructing operational scenarios that specify hourly profiles of demand, power available from renewables and maintenance of assets for the target year. The operational scenarios are used as in input for a tool modelling the operation of the wholesale energy market. The output of this tool identifies the commitment of thermal generators in accordance with prevailing market rules but otherwise unconstrained by the networks capacity. The year long market solution is converted into hourly snapshots, which are then clustered using an appropriate clustering method. The centroids of the clusters are tested for operability using an optimisation model that represents the system's behaviour under each scenario, and models both preventive and corrective actions that a system operator may take in real time.
Algorithm: GARPUR system development framework.
1 Select a target-year for the system development studies; 2 Using a pre-defined macro-scenario, identify peaks of various parameters such as demand, RES penetration and fuel prices; 3 For different time steps, e.g. hourly, construct operational scenarios of demand and power from renewables; 4 Use a market model to determine the commitment of thermal generators in each operational scenario; 5 Cluster snapshots; 6 Set j = 1, and system topology equal to present day topology. Choose N :=number of iterations of system topology; 7 while j ≤ N do 8 Perform assessment on centroids of clusters;
9
Identify system weaknesses and possible mitigations ;
10
System development planner proposes remedial actions ;
11
Update system topology and j := j + 1; 12 end
A. Macro-scenarios
The future operation of a power system depends both on the longer-term market and economic developments that influence the opening and closure of generation capacity and patterns of demand and the ways in which generation and network availability change in the short-term and generation is dispatched to meet demand. All of these factors are uncertain and their collective outcomes are impossible to predict with high confidence. A pragmatic approach is to consider longerterm and shorter-term variations separately. Macro-scenarios are used to model the uncertainty in the long-term evolution of parameters that affect future operation of a power system. For example, recent ENTSO-e studies [8] are based on exploration of a time horizon out to 2030. The basis of these studies is four visions, shown in Figure 1 . These visions are very distinct from each other and they try to capture the possible realisations of random variables. It is expected that the real trajectory towards 2030 (blue arrow in Figure 1 ) will land somewhere within the space described by the four macroscenarios. Although a set of future macro-scenarios is intended to encompass the range of credible future out-turns, history suggests that the processes for forming such scenarios do not always succeed [9] .
The macro-scenarios are used as inputs to the GARPUR system development framework. One macro-scenario is not considered either more probable or more preferred than another. Each one provides a possible picture of the future based on a macro-hypothesis. A macro-hypothesis results from judgement about possible energy policies of countries, e.g. support for energy efficiency, deployment of electric vehicles and the use of demand side management, and postulations of economic growth and use of electrical energy. A macroscenario quantifies the assumptions in a macro-hypothesis and provides capacities and types of generation, storage and demand, and also informs about the evolution of fuel and emission prices.
B. Operational scenarios
An operational scenario (or micro-scenario) is defined as a particular realisation of demand, generation and network topology. A large set of yearly time-series with, in the work reported here, one-hour temporal resolution is built for a given target year and macro-scenario. These operational scenarios capture the operational uncertainties around the actual operating states and are constrained by the maximum demand and the location and capacities of generation defined by the given macro-scenario.
Traditionally, grid development has been based on the extreme values of the demand in a country; however, due to the development of RES and interconnections between countries, there is no longer any certainty that this state is really the worst the system will face. Moreover, a worst-case scenario is not an acceptable approach if we want to quantify the expected costs related to reliability management or the likely year-round economic impact of different macro-scenarios and grid developments. For these purposes, it is necessary to generate more credible time-series that capture the full range of variability of load and RES generation patterns and their correlations. Based on the available historical data, e.g. demand, generator availability and availability of power from renewable energy sources, we generate time-series that are used to describe the real-time operation of the power system. These time series are generated with an hourly time step over a period of one year and for each area of the modelled power system. The number of time-series is increased by applying planned outages for generation and transmission system assets. A similar idea of generation of so called Monte-Carlo years is used in the system development work package of another European project, eHighway 2050 and in the Mid-Term adequacy forecast report from ENTSOE-e. (see [10] - [12] for more details).
C. Modelling of the wholesale electricity market
A year-long hourly time series of generation availability and demand plus relative costs of generation are used as inputs to a 'market model' to obtain a realistic commitment of thermal generation. The market model is an optimisation model that is used as a proxy for the behaviour of a wholesale electricity market. The results of the market model give complete knowledge of commitment and set-points of generation units subject to constraints on meeting given demand, minimum up and down times and ramp rates of individual generating units. This process is constrained by cross-border available transfer capacities (ATCs) but not by within-country network limits.
The market dispatch model used in this paper is a simulation tool developed by the French TSO RTE, ANTARES [13] ; it performs the optimal generation dispatch of the thermal units, taking into account the grid transfer capacities between market areas.
D. Clustering
The commitment of thermal and hydro generation obtained in the previous step considers a time-series and respects the temporal constraints. However, for the next steps of the process, snap shot analysis is sufficient. Thus, the year-long time-series steps are converted into snapshots by ignoring the temporal links. Conversion of yearly time-series into hourly snap-shots gives rise to a very large set of operating conditions in which many operating conditions have similar characteristics. In principle, clustering can be used to identify similar cases of which only one, representative example needs to be studied in detail. In this work, two main clustering approaches were compared.
1) Clustering by k-means:
This is a well known clustering method that classifies a data set through a certain number of clusters (k) fixed a priori. Clusters are grouped around centroids, i.e. data points that are nearest to the centre of its cluster. Each other data point's distance from each centroid is determined and it is associated with the cluster with the centroid to which it is nearest. As clusters change, the centroid might be changed and the association of data points with clusters is repeated until there are no further changes. Centroids can then be regarded as representative of their clusters. The feature set used for clustering in this paper consists of: demand, generation dispatch from the wholesale market model, and real power flows found by solving the load flow problem. Each of the features is in units of MW with a similar range and Euclidean distance is used as a measure of distance for the k-means algorithm. More technical details regarding the use of k-means are available in [7] .
2) The old approach of clustering in Elia: Elia's former method of clustering was based on the use of some simple heuristics to select snapshots to represent system operation over a whole year. In that approach, system development studies were performed using 5 clusters for the regional grids (70 kV and below) and 100 clusters for high voltage grids (150-380 kV and neighbouring transmission systems). Each of the clusters is represented by the cluster centroid, i.e. a single operating point. The 5 operating points are based on estimates of peak demand, minimum demand and average demand for summer, winter and inter-season (Spring and Autumn). The 100 operating points are obtained on the basis of demand and generation dispatch from the wholesale market model and flows on transmission assets found by solving the load flow problem. The method for obtaining the 100 operating points is described in [14] .
Following successful completion of the first phase of the system development framework of GARPUR [7] , Elia has now started using the k-means approach to clustering for system development studies. In this paper, the old approach of clustering in Elia is used for comparison with the k-means approach.
E. Modelling of transmission system operator actions
The operability of the centroids of each cluster, i.e. possible future operating states, is assessed using an optimisation model that assumes the form of a security-constrained optimal power flow (SCOPF) [15] , [16] . The optimisation models the behaviour of a transmission system operator and the objective function is to minimise the cost of re-dispatch from a market proposed solution. In order to ensure that an OPF solution is found, the permissible actions include curtailment of RES and some moderate post-contingency overloading of transmission assets relative to their continuous ratings. The seasonal ratings of transmission lines, transformers and cables are given in Table I . The results of the OPF are then used to assess the need, or otherwise, for investment in new network facilities. The mathematical details regarding the objective function and constraint set of the optimisation problem are available in [7] .
We note that the costs of balancing a system using generation regulation (accepting bids and offers) cannot be forecasted for a very long-term horizon. For the testing reported here, a relative cost order was assigned to the balancing actions that reflects the actions available to the system operator in Belgium and the way the current regulatory environment determines preferences. The relative costs are used to guide the optimisation in a similar direction to that which would be used by the system operator and are shown in Table II . 
III. TEST NETWORK: A PART OF THE BELGIAN TRANSMISSION SYSTEM
A part of the Belgian transmission system, located in the South-West of Belgium bordering France, is considered in order to demonstrate the GARPUR system development framework. The chosen network consists of a rural 70-150 kV transmission grid (Figure 2) . For the year 2030 and under a macro-scenario of 'slow progression' this part of the Belgian network includes generation capacity made up of approximately 30% wind, 11% pumped storage and 5% photo-voltaic (PV), respectively (Table III) . Such a diverse mix of generation makes this part of the Belgian network an interesting case study for system development. In addition to a need for investment in this area to replace ageing assets, the area is very conducive to the development of wind power generation. Currently, 60 MVA of wind generation is connected (one wind farm directly on 70 kV grid, the rest at lower voltage levels) and 130 MVA have reserved capacity. In addition, the total potential for wind generation is estimated at 400 MVA. Furthermore, of the 130 MVA currently reserved, 45 MW have non-firm access to the 70 kV grid. In the event of unplanned outages, production at these wind farms can be curtailed at no cost to the TSO.
IV. GENERATION AND ASSESSMENT OF OPERATIONAL
SCENARIOS FOR THE BELGIAN NETWORK The complete Belgian transmission network consists of approximately 11,000 nodes. The DigSilent PowerFactory [17] network reduction toolbox was used to obtain a reduced network that models the area highlighted in Figure 2 explicitly but collapses the external network to a small number of equivalent nodes, branches and injections. The reduced network consists of 132 nodes and 261 branches and transformers.
A. Generation of operational scenarios
A target year of 2030 under the 'slow progression' macroscenario from the ENTSO-E vision [8] was adopted to demonstrate the use of the proposed framework. However, the same approach can be used for any other macro-scenario and year.
Demand data for 2030 were constructed based on the historical records of demand. Elia has such records for all medium voltage substations with a temporal resolution of 15 minutes. Although quite significant changes to patterns of demand can be envisaged by 2030, these were not features of the 'slow progression' macro-scenario. Thus, in this study, it was assumed that demand will be similar in 2030, scaled by the peak demand set in the macro-scenario. The RES generation profiles for PV and wind were obtained using ENTSO-e's Pan-European Climate Data Base [10] . Note that even with a single year of considered operation, 8736 different realisation of demand and RES generation are considered.
Once time-series of demand and generation from RES have been determined, they are passed to the market dispatch tool ANTARES, which determines a time-series of commitment and set-points of thermal generation. This gives 8736 hourly snapshots (364 days) for each 'Monte Carlo year'.
B. Assessment of snapshots for operability of the system
In this section, we assess 8736 snapshots and analyse the performance of the two approaches to clustering. A (N-1) contingency list is used in the SCOPF model. 'Supervised' assets are the overhead lines, underground cables and transformers that are monitored by Elia and whose contingencies are considered in operational time frames. Thermal loading limits on supervised assets are applied as hard constraints in the SCOPF and their outages form the contingency list. Contingencies for 'unsupervised' assets are not considered in the analysis. However, Elia's experience suggests that binding contingencies arise only for supervised assets. Instead of applying hard constraints to unsupervised assets, a low cost is set for overloading them. This is in order to give some degree of freedom to the SCOPF so that solutions can be found but primarily in order to find out which unsupervised assets are overloaded so that the need for reinforcement of such transmission corridors can be identified. After solving the SCOPF, one of the following three labels is assigned to each snapshot:
• Safe: Pre-contingency and post-contingency flows are within operating limits and all demand is met. in pre-and post-contingency states. The assessment results show that no load shedding (pre-or post-contingency) occurs in any of the snapshots. In 3.7% of the snapshots wind was curtailed in pre-contingency operation and in 15.6% of snapshots wind was curtailed during postcontingency operation. The particular contingencies that lead to the curtailment of wind were identified. Cases with high outputs from certain wind farms that led to overloading of network assets were also identified. (In all these cases, the overloaded assets were specific transformers). Figure 3 shows the assessment results of all the 8736 snapshots. It may be observed that 86% of the snapshots are Safe, 10% of the snapshots are Unsafe in (N-1) and 4% are Unsafe in N and (N-1) states. It is important to note that, as shown in Figure 3 , the Unsafe operating states do not occur at maximum demand. However, peak wind cases result in overloading of network branches and that is where most of the problematic cases exist. Table IV presents the results of clustering of 8736 snapshots and the assessment of system operability based on analysis only of the centroids of each cluster. It can be seen that Elia's former approach of using 5 operating states is a very poor representation of a full year; it under-estimates the cost of generation re-dispatch by 98.8% and misses all the cases that are Unsafe in N and N-1. The k-means clustering with 100 clusters performs better in capturing safe operating states with a small 0.9% over-estimation. For k-means clustering, the error decreases when the number of clusters is increased to 870. The value of 870 is used because it represents approximately 10% of the total number of snapshots. However, this more than 8-fold increase in the number of clusters results in only a 50% reduction in the classification error. This small decrease is because of the inability of the clustering algorithm as formulated to identify high impact low probability (HILP) cases. Figure 4 shows a comparison between the clustering methods. The vertical axis of the figures shows the normalised costs of operation, i.e. the cost of generation re-dispatch plus any incurred pseudo-costs of overloading of unsupervised network branches and load shedding. It can be seen that none of the clustering approaches succeeds in capturing the few percent of snapshots that have the highest costs. 
V. ASSESSMENT OF INVESTMENT CANDIDATES
A critical centroid is defined as an operating case that is Unsafe in either N or N-1 and should be examined further by the system planner in order to assess whether reinforcement might be needed. The other cases in the same cluster as a critical one are also labelled as critical. Table V shows Unsafe operating states 104 118 261 missing from critical clusters identified as critical. This is a large number of operating states to be studied in detail, even for an expert. Practical experience in Elia suggests that 10 is a practical number for a system planner to investigate for proposing future investments in the grid. For that reason, the 10 most expensive centroids are recommended for further investigation.
Careful study of the chosen centroids suggests that the operating cost can be reduced by reinforcement of the part of the network where wind is most often curtailed. The assessment results on these centroids identify the transmission corridors that are loaded up to their capacity and this indicates that increasing transmission capacities in those corridors would reduce the curtailment of wind generation. We note that if no grid reinforcement is done and the transmission assets that are coming to end of their life are simply retired rather than replaced, then the operating cost for the 2030 macroscenario is 21 times more than with the existing, 2017 network infrastructure.
Two investment options were identified for this grid. These both propose to mesh the two 150 kV peninsulas. However, the first one, Option-A, splits the meshed part of the 70 kV and supports the rest of 70 kV grid via two 150/70 kV transformers. In this option, some substations are moved from 70 kV to 150 kV voltage level. The second, Option-B, consists of keeping the 70 kV grid meshed, retaining the 70 kV substations and supporting it via 3 additional 150/70 kV transformers of higher capacity than the existing ones.
The two network development options described above are compared with that of the existing network infrastructure (Option-E) and a 'do-nothing' option (Option-0) that retires end-of-life assets without replacement and, otherwise, retains the existing network infrastructure (Table VI) . Their effects on system operability are summarised in Figure 6 . We note that in Option-0 the number of Unsafe operating conditions in N and (N-1) increases by 1.8 times (Figure 6(a) ) and the operating cost increases by 5 times. Figure 6(b) is normalised by the cost of option-E. All 8736 assessed operating states are Safe for Option-A, and the operating cost is zero. Some operating states are Unsafe in (N-1) for Option-B, and the operating cost is non-zero because a control action is required by the system operator to correct the solution. However the operating cost is small compared to that with the existing topology.
In principle, investment decisions are finally made on the basis of maximised total social welfare where social welfare is the sum of 'producer surplus' (the surplus of generators' revenues, determined by the market price, over their costs) and 'consumer surplus' (the total by which the amount paid by consumers for energy is less than what they were willing to pay) [18] . The amount paid by consumers will finally include the cost of the network's infrastructure. In practice, because of the difficulty of knowing each generator's costs and consumers' willingness to pay, TSOs make decisions based on miminisation of the sum of capital costs (for network assets) and operating costs (predominantly for dispatch or re-dispatch of generation or, where available, flexible demand) over the medium to long-term [19] . The capital costs of reinforcements can only be known with confidence once detailed specifications have been formed and a tendering exercise carried out for which the results are often commercially confidential. The first aim of investment planning is to identify network reinforcement options and the dates by which they might need to be exercised. Depending on the nature of the reinforcement and how long it might take to deliver, a re-evaluation is then carried out a minimum of 2 years before the required date of commissioning. At that point a reasonable estimate of absolute not just relative operating costs should be possible allowing a cost-benefit analysis comparing the benefits of reinforcement with its cost. In the case study reported here, it is concluded that Option-B could only be optimal if its capital cost is at least 10% less than that of Option-A.
VI. DISCUSSION AND CONCLUSIONS
In this paper, the application of the system development framework proposed in the European research project GARPUR has been demonstrated. It is shown that the proposed framework can be implemented on a real transmission network, in this case the one in Belgium for a particular future macro-scenario. The importance of considering wide variety of possible scenarios and contexts has been highlighted. These include both macro-scenarios and operational scenarios. Conventional current practice in system development planning does not, in general, cover many different operating conditions and, as a consequence, risks either over-investment (because the few conditions that are assessed are onerous and not representative of year-around risks and trade-offs) or under-investment (because some critical conditions have been missed). The approach described in this paper synthesises a large number of credible operating states covering a full year of operation of under a particular macro-scenario but manages the workload on system development engineers (a) by assessing the operability of the macro-scenario for a given network infrastructure for a limited number of representative cases, identified by clustering and (b) using a security-constrained OPF to model how an operating state would be managed by the system operator. However, testing of the approach reveals some important directions for further work, discussed below.
A. Limitations of clustering approaches
The k-means approach and an approach previously developed by the Belgian TSO, Elia, have been compared in this paper. However, both have limitations.
1) Both approaches require the number of clusters to be set in advance, regardless of the trade off between how well they might succeed in covering the problem space and the practicality of more detailed assessment of a large number of cases. 2) For a given number of clusters, the approach used might succeed in identifying clusters with consistently moderate variability within each cluster (as shown by the standard deviations for k-means in Figure 4 ) and in identifying centroids that are representative of the clusters. However, even with a large number of clusters, these might fail to adequately capture the relatively few credible individual operating states that would present very significant problems for system operation, i.e. either high cost of re-dispatch of generation or high risk of failing to meet demand. Moreover, simple metrics of adverse impacts may fail to capture the disproportionately large cost of large disturbances [20] .
B. Maintenance
A very important dimension of a TSO's job is the management of the network's assets and the facilitation of outages to allow them and networks users' assets to be maintained so that their reliability is acceptable in the medium to long term. A system development planner must ensure that the system can be operated in future not only under initially intact system conditions but also when maintenance or construction work (to implement a reinforcement or replace an aged asset) is being carried out. This might be assessed either in respect of the operability of the future system given a credible schedule of planned outages or by ensuring, for each area of the system, that there is a sufficient window of time in which at least one planned outage might be taken while not impacting excessively on operability. The GARPUR project has performed some initial investigation into these issues and how an optimal outage schedule might be formed. (See [7] , [21] ). However, more work is required to ensure that the approach used is both informative and practical for system developing planning.
